Abstract Nonvolcanic tremors (NVT) have been observed across the Aleutian arc.
Introduction and Data
The Pacific-North American plate boundary in Alaska is a complex tectonic margin spanning 2500 km. The Pacific plate is subducting beneath the North American plate more obliquely and at increasing rates westward across the Aleutian arc in a transition from a convergent to transform plate boundary ( Fig. 1 ; Sella et al., 2002) . Furthermore, the dip of the subducting Pacific plate changes dramatically from one of the most shallowly dipping subduction zones in mainland Alaska (Freymueller et al., 2000) to a more characteristically dipping (20-45°) subduction zone westward along the arc. Along the ∼2500-km-long arc, there are ∼80 volcanoes that have been active in the Holocene. Thirty-three of these volcanoes are currently monitored with seismic networks by the Alaska Volcano Observatory (AVO; Dixon et al., 2008) . Each network consists of six to eight stations. Figure 1 shows the locations of the 19 seismic networks used in this study; they are referred to by the name of the volcano that is monitored.
We report here the first systematic observations of nonvolcanic tremor (NVT) in the Aleutian arc. NVTs are visually identified from daily spectrograms and waveform data at AVO stations as part of routine volcano monitoring. In order for a signal to be identified as NVT rather than volcanic tremor or storm noise, it must have the appropriate frequency and duration content, and the envelopes must show similar characteristics across one or more networks. The best recorded NVT is observed at more than one seismic network. The characteristics of NVT in the Aleutians are similar to those across different subduction zones, having frequencies ranging from 1 to 10 Hz and durations ranging from several minutes to tens of minutes. Because we are not able to actually locate these events, we assume that they are located in beltlike distributions between the 30-and 50-km contours of the subducting plate (Obara, 2002; Rogers and Dragert, 2003; Dragert et al., 2004; Peterson and Christensen, 2009; Rubinstein et al., 2010) . NVT was first associated with slowslip events in Cascadia (Rogers and Dragert, 2003) and then in Japan (Obara et al., 2004) . In both cases, the slow-slip events appeared to have a somewhat episodic occurrence, allowing for an approximate calculation of a recurrence time of NVTs (Rogers and Dragert, 2003; Obara et al., 2004) . A relationship between NVT and slow-slip has not been established in the Aleutians, but it has been observed in mainland Alaska (Peterson and Christensen, 2009) . Based on the increasing evidence linking the two phenomena, if we assume a connection between NVT and slow-slip in the Aleutians, there are still two major problems in studying the phenomena along the arc: (1) there are few continuously running Global Positioning System (GPS) stations in the region, making identification of slow-slip events almost impossible; and (2) locating the observed NVT is problematic due to the linear and sparse distribution of seismic stations. This is a result of the geometry of the arc.
In this study, we document NVT in the Aleutians but without any GPS data identifying slow-slip events. The Aleutian arc is 2500 km in length, with many structural complications that may contribute to the production of NVT. The purpose of this study is to provide a first reconnaissance of the entire arc to determine regions in which NVT is occurring, and where it is not, in order to document these and to give direction to future studies. Although we cannot precisely locate NVTs, we provide general locations established simply by the distribution of seismic networks on which the signal is observed and the strength of that signal.
Nonvolcanic Tremor in the Aleutian Arc
Each volcano seismic network consists of three or more short-period seismic stations. On several networks, including that of Okmok, Akutan, Great Sitkin, Katmai, and Augustine, one or more broadband stations are also available. The NVT signals are recorded at approximately the same time on any one network, but we observed move-out times across two or more networks, providing a constraint on locations. We assume that these delay times are from S waves as seen at other locations; however, because we do not locate the tremor or know the origin time, we cannot constrain the velocity or wave type. In addition to move-out times, the relative strength of the signal (in terms of amplitude) across multiple networks provides a second constraint on locations, by assuming that the signal is stronger near the source and weaker at greater distances.
Between earthquakes and other background seismicity of the areas and are similar to NVTs seen in other subduction zones. The seismic signals have dominant frequencies ranging from 1 to 10 Hz and consist of two or more pulses averaging between two and ten minutes, similar to the seismic signatures of some NVT events observed in Japan, Cascadia, and southcentral Alaska (Obara, 2002; Rogers and Dragert, 2003; Dragert et al., 2004; Peterson and Christensen, 2009) . The remaining 16 possible NVT events are recorded on only one seismic network (Table 2 ). These events differ from volcanic tremor because the relative amplitude pattern is different. For volcanic tremor we expect (and generally find) higher amplitudes closer to the volcanic vent and decreasing amplitudes moving radially away from it. The possible NVT events have higher amplitudes at stations farther from the vent, generally trenchward. Despite the inconsistency that our possible NVT events show in regard to volcanic tremor and because these events are only recorded on one seismic network, conclusively ruling out the volcano itself as the source of the signal is very difficult. Therefore, out of the 28 possible NVT events, only the 12 events spanning multiple seismic networks (> 50 km apart) are reliably considered NVTs in this study. It should be noted that these observed NVTs do not represent a complete catalog of NVT events in the Aleutians. Observing NVTs depends on the spatial distribution of volcano networks and is also strongly dependent on the background noise level. Storm surges that pass through the area routinely make it impossible to detect NVT activity. In addition, smaller NVT is difficult to distinguish from other possible phenomena. Envelopes of the NVT events are created and crosscorrelated to determine the similarity between signals recorded across the multiple seismic networks, as well as the move-out times between those networks via the method used by Peterson and Christensen (2009) . Figure 2 shows the waveforms and envelopes of three NVT events occurring in different regions of the Aleutians. The cross-correlation procedure of Peterson and Christensen (2009) is designed to calculate delay times (move-out times between stations) and delay time errors to be used in a location algorithm. At least four stations are required to locate the tremor. In the Aleutians, each network essentially is considered as a single station because the arrival times at all stations in that network are the same within the calculated delay time errors. In the Aleutians, we do not have any NVT events recorded on more than three networks, and therefore we are currently unable to locate the events. However, by using the move-out times and differences in amplitude across multiple networks, we can approximate the general location (Fig. 3) to be near the volcanic network with the earliest arrival times and the largest amplitudes. In Figure 4 , we show the time line of NVT events used in this study, in which each of the 12 NVT events are plotted and a dot is placed under the seismic networks on which the event was recorded. Furthermore, each dot is sized based on its arrival time and amplitude for that network. A larger dot represents an earlier arrival time and higher amplitude. In Figure 5 the general locations of the 12 events are shown. We assume the NVT is occurring between the 35-and 50-km contours, similar to NVT found in Japan (Obara, 2002) , Cascadia (Rogers and Dragert, 2003; Dragert et al., 2004) , and south-central Alaska (Peterson and Christensen, 2009 ).
Discussion and Conclusions
The Alaskan/Aleutian subduction zone consists of several large asperities, similar to those that ruptured in 1964 (M w 9.2), which have ruptured in large earthquakes including the 1938 M w 8.3, the 1957 M w 8.6, and the 1965 M w 8.7 events (Fig. 5) . These asperities may be related to boundaries along strike of the subduction zone at which stress directions change significantly (Lu and Wyss, 1996) . Between asperities, there are regions that appear to be creeping ( Fig. 5 ; Freymueller et al., 2008) . In these regions, it is difficult to determine whether the interface is continually slipping or slips as discrete events because the GPS data we used are gathered mostly from campaign stations, not continuously running stations (Freymueller et al., 2008) .
Just over half of the NVT events (7 out of 12) are recorded in the region of Okmok, Makushin, and Akutan volcanoes (Figs. 4 and 5) . Three events are recorded in the Alaska Peninsula (Figs. 4 and 5) . In these two regions, the subducting Pacific plate is inferred to be locked or transitioning from creeping to locked (Fig. 5; Freymueller et al., 2008) . Based on the increasing number of studies linking NVT and slow-slip, the presence of NVT in the Aleutians could indicate the occurrence of otherwise undetectable slow-slip events. If we assume a relationship between slowslip and NVT in the Aleutians, our general locations are consistent with the hypothesis that slow-slip occurs down-dip of currently locked asperities on the plate interface (Peterson and Christensen, 2009 ).
The Okmok, Makushin, and Akutan region is intriguing in several ways. First, this is the region where North American continental crust switches to oceanic crust (Fig. 1) . It is reasonable to assume additional complications in the subduction zone due to variation in thickness of the overlaying crust. Second, coupling in the region also changes (see Fig. 5 ), transitioning from creeping in the northeast, where the North American plate is still continental, to locked in the southwest, where the North American plate is oceanic (Freymueller et al., 2008) . In addition to our numerous observations of tremor in this region, Brown et al. (2010) reports hundreds of episodes of tremor in this region.
In several cases, NVT occurs during times of heightened seismic and volcanic activity that is occurring simultaneously across large regions of the arc. Similar increases in activity have sporadically been observed across the Aleutian arc (McNutt and Marzocchi, 2004; Kore, 2006) . For example, in the summer of 2006, the Rat Islands and Andreanof Islands experienced three M >6:0 earthquakes, four M >5:5 earthquakes, and swarms of earthquakes at Kliuchef volcano, as well as NVT (Fig. 5) . It is likely that simultaneous increases in both seismic and volcanic activity are the result of regional stress changes (McNutt and Marzocchi, 2004) . The mechanism for such a stress change has not been identified but has been hypothesized to be a slow-slip event on the plate interface at the transition zone adjacent to the locked portion of the subduction zone. Previous studies have shown that slowslip events on the plate interface may increase stress on the up-dip locked portion of the interface (Linde and Silver, 1989; Dragert et al., 2001) and therefore may trigger earthquakes in the region (Mazzotti and Adams, 2004; Kao et al., 2006) . It is possible that similar triggering is occurring in the Aleutians. Continuous GPS data are sparse on many of the volcano seismic networks, making it unlikely to be able to observe slow-slip events as they occur. An increase in continuous GPS coverage in the Aleutian arc would certainly help to improve this situation.
In summer 2008, NVT was recorded on the Korovin and Great Sitkin seismic networks (Figs. 4 and 6 ) approximately one hour after the onset of the 12 July 2008 eruption of Okmok volcano (Larsen et al., 2009) . It is possible that the stress change associated with the Okmok eruption propagated along strike of the subduction zone and resulted in the NVT that was recorded at Korovin and Great Sitkin. If so, this is the first documented case of triggered NVT in Alaska. Alternatively, both the eruption and the NVT may have been triggered by a slow-slip event or some other phenomenon. The coupling between the North America plate and the Pacific plate in this region is similar to that of the Makushin-Akutan region in that the subducting Pacific plate is transitioning from creeping to locked (Fig. 5; Freymueller et al., 2008) .
In the Aleutian arc, NVT does not appear to occur sporadically. The region adjacent to the Okmok, Makushin, and Akutan volcanoes appears to be a hot spot for NVT in the Aleutians. On a lesser scale, NVT occurs in the region near Katmai volcano on the Alaska Peninsula. These two regions could yield important information on mechanisms for the production of NVT. Furthermore, NVT has occurred during times of other activity: during the 2006 Rat and Andreanof Islands heightened activity and during the 2008 eruption of Okmok volcano. These findings offer an opportunity to study triggered NVT in Alaska. Although this is the first study to document NVT in the Aleutian arc, the high rate of geologic activity suggests that Alaska will be a rich environment for future studies.
Data and Resources
Seismograms used in this study were collected as part of the Alaska Volcano Observatory (AVO) seismic monitoring. Data can be obtained from AVO. Some computer codes used are contained in the MATLAB Toolboxes designed by M. West and C. Reyes (www.giseis.alaska.edu/Seis/EQ/tools/ matlab/). Some plots were made using the Generic Mapping Tools software by P. Wessel and W.H.F. Smith (www.soest .hawaii.edu/gmt). 
